Marrow-resident mesenchymal stem cells (MSCs) serve as a functional component of the perivascular niche that regulates hematopoiesis. They also represent the main source of bone formed in adult bone marrow, and their bifurcation to osteoblast and adipocyte lineages plays a key role in skeletal homeostasis and aging. Although the tumor suppressor p53 also functions in bone organogenesis, homeostasis, and neoplasia, its role in MSCs remains poorly described. Herein, we examined the normal physiological role of p53 in primary MSCs cultured under physiologic oxygen levels. Using knockout mice and gene silencing we show that p53 inactivation downregulates expression of TWIST2, which normally restrains cellular differentiation to maintain wild-type MSCs in a multipotent state, depletes mitochondrial reactive oxygen species (ROS) levels, and suppresses ROS generation and PPARG gene and protein induction in response to adipogenic stimuli. Mechanistically, this loss of adipogenic potential skews MSCs toward an osteogenic fate, which is further potentiated by TWIST2 downregulation, resulting in highly augmented osteogenic differentiation. We also show that p53 −/− MSCs are defective in supporting hematopoiesis as measured in standard colony assays because of decreased secretion of various cytokines including CXCL12 and CSF1. Lastly, we show that transient exposure of wild-type MSCs to 21% oxygen upregulates p53 protein expression, resulting in increased mitochondrial ROS production and enhanced adipogenic differentiation at the expense of osteogenesis, and that treatment of cells with FGF2 mitigates these effects by inducing TWIST2. Together, these findings indicate that basal p53 levels are necessary to maintain MSC bi-potency, and oxygeninduced increases in p53 expression modulate cell fate and survival decisions. Because of the critical function of basal p53 in MSCs, our findings question the use of p53 null cell lines as MSC surrogates, and also implicate dysfunctional MSC responses in the pathophysiology of p53-related skeletal disorders.
Introduction
The tumor suppressor p53 is induced in cells in response to genotoxic and oncogenic stress and functions as a critical checkpoint control in cancer surveillance by inducing antiproliferative and pro-apoptotic cellular responses. Consequently, mutations in p53 are by far the most common cancer-related genetic defect [1] and predispose patients to a range of cancers including osteosarcoma, leukemia, and lymphoma [2] [3] [4] . Although basal expression of p53 was initially thought to be dispensable for normal cell survival, recent studies have demonstrated a requirement for the protein in early development, reproduction, energy metabolism, and hematopoiesis [5] . For example, p53 has been shown to maintain hematopoietic stem cells (HSCs) in a quiescent state by modulating the expression of growth suppressors and intracellular levels of reactive oxygen species (ROS) [6, 7] , which can significantly impact stem and progenitor cell functions under normal and pathologic conditions [8] . Therefore, by coordinating autoregulatory responses to Edited by Y. Shi Siddaraju V. Boregowda and Veena Krishnappa contributed equally to this study.
physiological levels of ROS and acting as a sensor of DNA damage induced by excessive ROS, p53 provides a critical link between cancer surveillance, stem cell maintenance, and organismal aging [5, 9] .
Skeletal homeostasis is regulated by the coordinated action of bone-producing osteoblasts and bone-resorbing osteoclasts. Bone formation declines with age because of an imbalance between these processes resulting in loss of bone mass. Skeletal aging also manifests as an increase in bone marrow adiposity, which further accelerates bone loss as secreted fatty acids and adipokines inhibit osteoblast function and promote osteoclast activity through paracrine action [10] [11] [12] . Mesenchymal stem cells (MSCs) play an important role in skeletal homeostasis by serving as a reservoir of osteoblast precursors [13] and studies have linked age-related bone loss to defects in MSC function including loss of proliferative and differentiation potential and increased senescence [14] . Cellular oxidative stress is also strongly linked to skeletal aging and has been shown to skew MSC differentiation toward adipogenesis at the expense of osteogenesis, which also contributes to increased marrow adiposity [15] . Since MSCs also contribute to the architecture of the hematopoietic niche, age-related changes in their function are likely to manifest as defects in hematopoiesis. Despite the important connection between oxidative stress, MSC self-maintenance, and skeletal aging, the interrelated aspects of how p53 regulates these processes and how its inactivation alters MSC function are poorly described.
We previously reported that primary MSCs isolated from mouse bone marrow are hypersensitive to oxygeninduced stress, that this stress induces growth arrest and apoptosis via a p53-dependent pathway, and inactivation of p53 renders MSCs insensitive to such stress [16] . We show here that p53 inactivation strongly biases MSCs to an osteogenic fate at the expense of adipogenesis because of depletion of mitochondrial ROS and diminished PPARG and TWIST2 expression, and impairs hematopoiesis-supporting activity by altering cytokine secretion. We further demonstrate an important role for TWIST2 in regulating MSC growth, survival, and multipotency, and that FGF2 potentiates TWIST2 expression and mitigates oxygen-induced mitochondrial ROS generation by suppressing p53 induction. Together, these data reveal a critical role for basal p53 expression in maintaining MSC integrity, and in doing so urge caution in using immortalized cell lines to model primary MSC behavior and activity. They also suggest that alterations in MSC function resulting from p53 inactivation may contribute more significantly to the pathophysiology of skeletal-related diseases than currently appreciated.
Results

Inactivation of p53 skews MSCs to an osteogenic fate and impairs hematopoiesis-supporting activity
To explore a potential role for p53 in MSC self-maintenance, we evaluated how deletion of this gene impacted two defining cell characteristics: lineage-specific differentiation and hematopoiesis-supporting activity. Primary MSCs isolated from p53 knockout (p53 −/− ) mice and maintained in a closed low-oxygen (5%) environment exhibited a 2-fold reduced capacity for stimulus-driven adipogenic differentiation, while osteogenic capacity was augmented >40-fold as compared to MSCs from wild-type (p53 +/+ ) mice ( Fig. 1a and Supplementary Fig. 1a ). In addition, p53 −/− MSCs yielded significantly more colonyforming unit fibroblasts (CFU-Fs) (Fig. 1b) and contained a greater proportion of cycling cells (Fig. 1c) 1f ) and multiplex arrays confirmed that p53 −/− vs. p53 +/+ MSCs secreted significantly lower levels of CXCL12 and CSF1 (Fig. 1g) , which are expressed by MSCs in bone marrow and support hematopoiesis [17] [18] [19] . We also identified a p53 response element (RE) with half sites that correspond to the canonical activating motif (RRRCWWGYYY) [20] in the Kitl promoter (Supplementary Fig. 2a ) and confirmed by chromatin immunoprecipitation (ChIP) that p53 associated with this promoter (Fig. 1h) . Together, these data demonstrate that p53 inactivation impairs the differentiation potential and hematopoiesis-supporting activity of MSCs.
To confirm a role for p53 in MSC self-maintenance, we inhibited expression of this protein in wild-type MSCs using a small interfering RNA (siRNA; Fig. 1i ), which resulted in downregulation of known target genes including p21 (Cip1), Bax, and Foxo3a but not p27 (Kip1), which is not regulated by p53 (Supplementary Fig. 1b ). Changes in target gene expression due to p53 silencing mirrored that seen following p53 inactivation, although the effect was less pronounced (Supplementary Fig. 1c ). Silencing of p53 also significantly increased CFU-F activity (Fig. 1j) and augmented stimulus-driven osteogenic differentiation (Fig. 1l) but inhibited hematopoiesis-supporting activity (Fig. 1k +/+ MSCs transfected with a scrambled (Scr) and p53-specific siRNA. qPCR data are mean ± SD of experiments (n = 3) repeated twice. ***p < 0.005 by Student's t-test. j, k Effect of siRNAs on CFU-F (j) and CAFC (k) activity in p53
MSCs. Data are mean ± SD of experiments (n = 6) repeated twice. ***p < 0.005 by Student's t-test. l Quantification of stimulus-induced adipogenic (left panel) and osteogenic (right panel) differentiation of siRNA-transfected p53 +/+ MSCs. Data are mean ± SD (n = 4). **p < 0.01 compared to unstimulated control and ++ p < 0.01 compared to scrambled (Scr) by ANOVA and Tukey post hoc test p53 is critical for MSC identityand adipogenic differentiation (Fig. 1l) . Flow cytometric analysis using a panel of established MSC markers failed to reveal significant differences in the surface phenotype of p53 −/− vs. p53 +/+ MSCs except for a shift in staining intensity for CD146 and SSEA4 ( Supplementary Fig. 3 ). Therefore, p53 inactivation alters MSC bi-potency and hematopoiesis-supporting activity but these functional changes are not evident based on surface phenotype.
Diminished mitochondrial ROS production leads to impaired adipogenesis in p53 −/− MSCs Exposure of primary mouse MSCs to atmospheric oxygen induces mitochondrial ROS generation via a p53-dependent mechanism [16] . Herein, we show that mitochondrial superoxide generation was markedly lower in p53 (Fig. 2b) .
Moreover, while AIM treatment induced PPARG expression in both populations, protein levels were markedly higher in p53 +/+ vs. p53 −/− MSCs (Fig. 2c) . To artificially elevate intracellular ROS levels, we cultured p53 −/− MSCs in media supplemented with D-galactose (0.5-2.0 mM) and galactose oxidase (0.015-0.06 U/ml), which continuously generates H 2 O 2 in the culture media that diffuses into cells. This treatment produced incremental increases in mitochondrial ROS levels resulting in a slight enhancement of adipogenic differentiation but had no significant effect on osteogenic differentiation (Supplementary Figs. 4a, b). Next, we cultured p53 +/+ MSCs in the presence of the ROS scavenger, NAC, which lowers mitochondrial ROS levels [16] . MSCs pretreated with NAC produced significantly lower levels of mitochondrial ROS after exposure to AIM as compared to non-treated MSCs ( Supplementary Fig. 4c ), which resulted in reduced capacity for adipogenic differentiation, although this difference did not reach statistical significance ( Supplementary Fig. 4d ). Together, these data underscore the extent of mitochondrial ROS generation induced by AIM, which is only modestly reduced by NAC, and why the absence of ROS generation in p53 −/− MSCs prevents adipogenic differentiation. Lastly, we shifted p53 +/+ MSCs maintained in 5% oxygen saturation to 21%
oxygen, which we previously showed induces p53 activation in response to oxidative DNA damage [16] . This shift resulted in increased mitochondrial ROS production (Figs. 2d, e), resulting in enhanced adipogenic differentiation and decreased osteogenic differentiation (Fig. 2f) . Importantly, prolonged exposure to 21% oxygen decreased overall MSC fitness [16] resulting in loss of both adipogenic and osteogenic potential ( Supplementary Fig. 4e ). Together, these studies highlight the necessity of basal p53 in regulating the cellular redox balance in MSCs and how p53 translates varying levels of oxidative stress to regulate differentiation or apoptosis.
Inactivation of p53 suppresses PPARG levels in MSCs
PPARG is a master regulator of adipogenesis, and numerous studies have shown that PPARG agonists decrease bone mineral density [23] [24] [25] . We found that PPARG mRNA and protein were expressed at significantly lower levels in p53
vs. p53 +/+ MSCs ( Fig. 3a ) and that several PPARG target genes including Pgc1 and Fabp4 were also significantly downregulated (not shown). Consistent with these results, siRNA-mediated silencing of p53 in wild-type MSCs resulted in a modest but significant decrease in PPARG mRNA and protein expression (Fig. 3b) . Analysis of the Pparg gene sequence identified a consensus activating p53 RE in an intronic region between exons 12 and 13 ( Supplementary  Fig. 2b ), and ChIP analyses determined that p53 associated with this region (Fig. 3c) . However, further studies are required to determine whether p53 binding at this site directly regulates Pparg transcription. To ascertain effects of PPARG downregulation on MSC function, we silenced its expression in p53 +/+ MSCs using siRNAs (Fig. 3d ). This resulted in downregulation of p53 mRNA levels ( Fig. 3e) , which is consistent with previous studies showing that PPARG induces p53 transcription via binding to an NF-k B site in its promoter [26] . Silencing of PPARG also significantly reduced CFU-F activity ( Fig. 3f ) and inhibited stimulusdriven adipogenic differentiation while enhancing osteogenic differentiation (Fig. 3g) . Together, these data indicate that PPARG downregulation following p53 inactivation contributes to the skewing of cells toward an osteogenic fate at the expense of adipogenesis.
Reduced TWIST2 expression following p53 inactivation results in unrestrained cell growth and differentiation
On the basis of studies showing that TWIST2 inhibits differentiation of primary mouse MSCs [27] , we questioned whether p53 inactivation affected TWIST2 levels and whether this contributed to alterations in cell function. As shown in Fig. 4a Fig. 2c ), and ChIP analysis confirmed that p53 associated with this promoter (Fig. 4b) . Expressed levels of Twist1 were also reduced in p53 −/− MSCs but to a lesser extent than Twist2 (1.4-fold vs. 5-fold, respectively; Supplementary Fig. 5a ). Consistent with these findings, Twist2 mRNA levels in wild-type MSCs were repressed by transfection with a p53-specific siRNA (Fig. 4c) , and, conversely, silencing of Twist2 (Fig. 4d ) resulted in increased p53 and BAX protein expression while silencing of Twist1 yielded more modest increases in p53 but had no effect on BAX levels (Fig. 4e) . Silencing of TWIST2 also significantly impaired cell growth and survival ( Supplementary Figs. 5b-d) , significantly inhibited CFU-F (Fig. 4f ) and CAFC activity (Fig. 4g) , and significantly enhanced the extent of stimulus-driven adipogenic and osteogenic differentiation (Fig. 4h) . In contrast, silencing of TWIST1 had no effect on MSC growth and survival ( Supplementary Figs. 5b-d ), CAFC activity ( Fig. 4g ), or cellular differentiation (Fig. 4h) but did significantly increase CFU-F activity (Fig. 4f) . Together, these data indicate that Twist2 and p53 expression are coordinately regulated in MSCs.
Next, we transduced p53 −/− MSCs with a retrovirus expressing a full-length Twist2 cDNA, internal ribosomal entry site (IRES), and a GFP reporter, and double sorted cells to enrich for those that express high levels of GFP fluorescence by flow cytometry (Supplementary Figure 5e) . As anticipated, these cells expressed >150-fold higher levels of Twist2 as compared to those transduced with an empty expression vector (Fig. 5a ). Ectopic expression of Twist2 in p53 −/− MSCs resulted in a small but significant decrease in cell growth (Fig. 5b ) without significantly altering cell viability (Fig. 5c) , and significantly reduced CFU-F activity (Fig. 5d) , had no effect on CAFC activity (Fig. 5e) , and significantly reduced stimulus-driven adipogenic and osteogenic differentiation (Figs. 5f, g ). However, ectopic TWIST2 expression did not alter mitochondrial ROS production in p53 −/− MSCs (Fig. 5h) , indicating that its ability to suppress cellular differentiation was independent of the cellular redox state. Repeated attempts to ectopically express a full-length p53 cDNA in p53 −/− MSCs yielded only low levels of protein expression even following cell sorting (not shown) due to the negative selection pressure it imparts on primary MSCs. Together, these data indicate that re-introduction of TWIST2 partially restores growth control and bi-potency to p53 −/− MSCs.
FGF2-mediated induction of TWIST2 suppresses oxygen-induced ROS generation via a p53-dependent mechanism
To determine whether TWIST2 modulates mitochondrial ROS generation in MSCs via a p53-dependent mechanism, we showed that siRNA-mediated silencing of Twist2 but not Twist1 resulted in a significant increase in mitochondrial ROS levels in wild-type MSCs ( Fig. 6a and Supplementary  Fig. 6a ). Next, we cultured MSCs in CCM alone or media supplemented with FGF2 to induce Twist2 expression [27] , and then switched cells from 5 to 21% oxygen saturation to induce oxidative stress [16] . MSCs supplemented with FGF2 (25 ng/ml) were refractory to oxygen-induced increases in mitochondrial ROS production when switched to higher oxygen levels ( Fig. 6b and Supplementary  Fig. 6b ). Furthermore, we found that the magnitude of Twist2 induction by FGF2 was significantly greater in 21% vs. 5% O 2 (Fig. 6c) . Two-way ANOVA analysis confirmed significant effects on Twist2 expression due to time and oxygen saturation (F(6,11) = 5.14, p = 0.0000034) and time and FGF2 treatment (F(6,11) = 5.14, p = 0.0000021). Immunoblot analysis confirmed that TWIST2 protein levels mirrored that of its mRNA and accumulated to high levels in cells switched from 5 to 21% oxygen saturation in the presence of FGF2 (Fig. 6d) . BAX and p53 were also upregulated in MSCs exposed to 21% oxygen, but induction of these proteins was suppressed in FGF2-treated cells (Fig. 6d) . In contrast, FGF2 did not induce Twist1 expression, which itself was also not highly induced in response to oxidative stress ( Supplementary Fig. 6c ). Together, these data indicate that FGF2 treatment mitigates oxygen-induced ROS generation by inducing TWIST2 expression, which moderates p53 induction in response to such stress. To further dissect the roles of FGF2, p53, and TWIST2 in this process, we quantified changes in Twist2 expression levels in p53 −/− MSCs treated with or without FGF2. As shown in Fig. 6e , FGF2 also significantly induced Twist2 mRNA in p53 −/− MSCs maintained in 5% oxygen, and the magnitude of this induction was significantly greater in 21% oxygen. Therefore, Twist2 expression retains its sensitivity to FGF2 in a p53 null background, although overall p53 is critical for MSC identityexpression levels are lower as compared to wild-type MSCs (data are normalized to that shown in Fig. 6c for comparison) . In addition, we showed that FGF2 supplementation was able to reduce ROS levels in p53 −/− MSCs cultured in 5 or 21% oxygen (Fig. 6f ), but the effect was minimal due to low intrinsic ROS levels in these cells. Lastly, we also found that Fgf2 mRNA levels were significantly lower (Fig. 6g) and Fgfr2 mRNA levels were significantly higher ( Supplementary Fig. 6d ) in p53 −/− vs. p53 +/+ MSCs, implying that a block in FGF signaling accounts for reduced TWIST2 levels in p53 −/− MSCs. Together, these data indicate that FGF2 induces Twist2 expression independent of p53 but that p53 itself is the dominant regulator of Twist2 in MSCs.
Discussion
Inactivation of p53 drives osteogenesis of adipose and marrow-derived MSCs [28, 29] by de-repressing Runx2 expression and exerts beneficial effects on cell growth in vitro [30] . These results are consistent with the known role of p53 as a negative regulator of osteogenesis based on evidence that germline deletion of this gene in mice results in a high bone mass phenotype [31] and increased propensity of developing osteosarcoma. Our results provide new insight into the mechanisms by which p53 regulates bifurcation of stem/progenitors to osteogenic and adipogenic lineages. For example, we demonstrate that p53 inactivation in MSCs suppresses basal and inducible levels of PPARG mRNA and protein, and that p53 −/− MSCs are characterized by low basal mitochondrial ROS levels. Existing evidence indicates that ROS generation by mitochondrial complex III is required for initiation of the adipogenic program in MSCs [21, 22] , and we confirmed that primary mouse MSCs undergo a burst of ROS generation following exposure to adipogenic stimuli but that this response is absent following p53 inactivation. Lack of ROS generation may also contribute to reduced PPARG activity based on evidence that this protein is activated by products of lipid peroxidation [32, 33] . PPARG also reportedly binds directly to an NF-kB site in the p53 promoter and PPARG agonists enhance promoter recruitment [26] . Together, these data indicate the existence of a feed forward mechanism, whereby PPARG induction by lipid oxidation byproducts stimulates p53 transcription, which in turn promotes continued mitochondrial ROS generation and lipid oxidation, thereby driving adipogenesis. Inactivation of p53 interrupts this circuitry by reducing intrinsic ROS levels and suppressing mitochondrial ROS generation and PPARG expression in response to adipogenic stimuli, thereby blocking the adipogenic program. Our data also demonstrate that p53 inactivation results in reduced expression of TWIST2, which functions as a negative regulator of osteogenesis during skeletal development [34] . For example, we showed that TWIST2 silencing augments both adipogenic and osteogenic differentiation of MSCs, and ectopic expression of TWIST2 partially restored bi-potency to p53 −/− MSCs. These data suggest that TWIST2 downregulation following p53 inactivation results in unconstrained cellular differentiation that, when coupled with the absence of ROS generation and reduced PPARG levels, skews cells toward an osteogenic fate. These results are consistent with a recent report showing that TWIST2 functions as a tumor suppressor in osteosarcoma [35] and our own studies showing that FGF2 blocks multilineage differentiation of mouse MSCs via a TWIST2-dependent mechanism [27] . We also found that TWIST2 silencing induced p53 expression but did not pursue experiments to determine this mechanism. However, TWIST is known to negatively regulate p53 activity by direct protein interaction via a conserved domain termed the TWIST box [36] . We also provided data indicating that TWIST2 alters the cellular redox state via a p53-dependent mechanism. These findings are consistent with a previous study showing that ectopic TWIST2 expression decreased intracellular ROS levels in human diploid fibroblasts [37] . Lastly, studies showing that FGF2-mediated induction of TWIST2 alters mitochondrial ROS generation by modulating p53 protein levels point to a novel signaling axis that may function to preserve stem cell integrity under conditions of oxidative stress.
Various transcription factors including ΔFosb, Taz, Esr1, Msx2, and Cebpβ have been reported to regulate MSC bifurcation to the adipocyte and osteoblast lineages [38] [39] [40] . We extend these findings by showing that p53 also functions in a similar manner but by a novel mechanism. Moreover, since it is well established that p53 loss-offunction has anti-aging effects [1] and p53-activating mutations cause early-onset aging-associated phenotypes in mice [41] , our findings have important implications with respect to the role of MSCs in aging. For example, it is well established that MSCs in bone marrow exhibit enhanced adipogenic differentiation and reduced osteogenic potential with aging or following treatment with antidiabetic drugs such as thiazolidinediones. Although the precise mechanism responsible for this switch is unknown, skeletal involution is strongly correlated with increased oxidative stress [42] . Recently, Nishikawa et al. [43] showed a correlation between increased p53 expression due to age-associated oxidative stress and repression of Maf, a transcription factor that modulates osteoblast/adipocyte bifurcation by augmenting RUNX2 activity and inhibiting Pparg mRNA transcription. Herein, haploinsufficiency of Maf resulted in decreased osteoblast numbers, reduced bone volume, and increased marrow adiposity in adult mice. These data implicate age-induced increases in p53 expression with downregulation of Maf and increased MSC adipogenesis. While we did not explore the effect of p53 inactivation on Maf expression, our data are also consistent with the thesis that age-associated oxidative stress drives MSC adipogenesis via a p53-dependent mechanism and loss-of-function of p53 prevents these age-related changes by making cells insensitive to such stress.
Our studies also reveal that basal p53 expression also influences hematopoiesis-supporting activity of MSCs, and that p53 loss-of-function results in reduced cytokine secretion including that of KITL due to loss of p53 activity at the Kitl promoter. Studies mapping global p53-binding sites in human colorectal cancer cells also identified the Kitl promoter as a p53 target [44] . Importantly, deletion of CXCL12-expressing and KITL-expressing CAR cells or FAP + stromal cells from bone marrow impairs hematopoiesis in vivo [18, 19] , demonstrating the critical role of these proteins in hematopoiesis. Expression of CXCL12 was also markedly reduced in MSCs following p53 inactivation.
Although we did not demonstrate that p53 associates with the CXCL12 promoter, this has been confirmed in a pancreatic insulinoma cell line [45] . However, our data contrast with other reports indicating that p53 suppresses expression of CXCL12 in human MSCs [46, 47] . Inactivation of p53 has been shown to impair HSC quiescence [7] , and p53 hyperactivation in response to Mysm1 deletion is linked to defects in HSC differentiation [48] . Similarly, we provide evidence that basal p53 expression is necessary to maintain the stem/progenitor properties of primary MSCs. These findings indicate that dysfunctional MSC responses may contribute to the pathophysiology of p53-related diseases including osteosarcoma and Fanconi anemia. They also have important implications for the use of immortalized cell lines as surrogates to study basic MSC biology, suggesting that outcomes achieved using immortalized cell lines [16, 49, 50] should be cautiously interpreted.
Materials and methods
Cell culture
MSCs were enriched from the bone marrow of FVB/n and B6.129S2-Trp53<tm1Tyj> mice (The Jackson Laboratory) by immunodepletion as previously described [51] except that all manipulations were performed in a modular airtight chamber (BioSpherix Ltd) flushed with 5% O 2 balanced with N 2 . Following immunodepletion, MSCs were designated as passage 1 and expanded at 37 o C in a humidified chamber in 5% CO 2 and 5% O 2 balanced with N 2 in complete culture media (CCM; α-minimal essential media containing L-glutamine and supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 U/m streptomycin). Where indicated, MSCs maintained in 5% O 2 were switched to 21% O 2 (atmospheric oxygen) or cultured in CCM supplemented with N-acetyl cysteine (NAC; 5 nM, Tocris Bioscience). Delivery of siRNA into MSCs was accomplished as described previously using the Lipofectamine TM RNAiMAX Transfection Reagent (Invitrogen) [16] . To evaluate cell cycle, MSCs were washed in phosphate-buffered saline (PBS) and stained with propidium iodide (5 µg/ml) for 20 min. Cell proliferation was evaluated using the MTT Cell Proliferation Assay Kit (Cayman Chemical Co.) and a synergy of two multimode microplate reader (BioTek Instrument Co.). Apoptosis was measured using the FITC Annexin V Apoptosis Kit (BD Biosciences). Fluorescent quantification of mitochondrial superoxide production was performed by staining cells with MitoSOX Red TM (5 µM, Thermo Fisher Scientific) as previously described [16] . Stained cells were analyzed using a LSR II Flow Cytometer System (Beckton Dickinson) and FlowJo software (Tree Star Inc.). Cultures were photographed using a Leica DMI3000 B upright fluorescent microscope attached to a DFC295 digital camera (Micro Optics of Florida Inc.).
To quantify CFU-Fs, MSCs (10,000 cells) were plated in 100 mm dishes and were cultured for 7-10 days with media changes every 2-3 days. On day 10 the monolayers were washed with PBS, stained with 0.5% crystal violet (SigmaAldrich) in 25% methanol for 10 min at room temperature, washed, and colonies ≥2 mm in size were counted. To quantify CAFC activity, confluent MSC monolayers were expanded for 7 days in 5 or 21% oxygen, charged with freshly isolated bone marrow cells (10,000 cells/cm 2 ), and cultured an additional 10-14 days in 5 or 21% O 2 as described previously [52] . Cultures were then stained with 0.5% crystal violet solution, washed with PBS, and the number of CAFCs enumerated. To perform standard colony assays for hematopoiesis, conditioned media (serum-free) was collected over a 24-h period from confluent monolayers of p53 −/− and p53 +/+ MSCs, filtered, and then used to suspend whole-bone marrow cells isolated from wild-type mice. The cells were then mixed with growth factor supplemented semi-solid media (Methocult) and plated in 60 mm dishes at 100,000 cells/dish. The plates were incubated 37°C in a humidified chamber in 5% CO 2 and 5% O 2 balanced with N 2 for 8-10 days after which colonies were enumerated based on morphology.
Cell differentiation
Unless indicated otherwise, MSCs (1000 cells/cm 2 ) at passage 2 were maintained in 5% oxygen and their capacity for adipogenic and osteogenic differentiation was quantified as described previously [16] with the following exceptions.
p53 is critical for MSC identityAdipogenic induction media (AIM) consisted of α-MEM supplemented with 10% rabbit serum, 10 −8 M dexamethasone, 20 mM ETYA, and 25 mg/ml insulin. Lipid accumulation was quantified by staining the monolayer with AdipoRed TM Assay Reagent (Lonza) for 10 min and measuring fluorescence using a SpectraMax fluorescent plate reader (excitation 485 nm; emission 572 nm). Adipoinduction was normalized to cell number, which was determined by staining the monolayer with 4', 6-diamidino-2-phenylindole (DAPI) or direct cell counting. Osteogenic induction media (OIM) consisted of high-glucose DMEM supplemented with 10% FBS, 50 µg/ml L-ascorbic-2-phosphate, 10 mM β-glycerolphosphate, and 10 −8 M dexamethasone. Mineralization was quantified by extracting calcium from monolayers using 10% cetylpyridinium chloride and measuring absorbance at 562 nm. Osteoinduction was also normalized to cell number.
Quantitative real-time PCR
Total RNA was isolated using the RNeasy Kit (Qiagen), converted to cDNA using the qScript cDNA synthesis kit (Quantabio), and amplified by PCR using the POWER SYBR® Green PCR Master Mix (Thermo Fisher Scientific) according to the manufacturer's instructions. Primer sets used for PCR amplification are listed in Supplementary  Table 1 . Reactions were performed on a 7900 HT sequence detector (Applied Biosystems) and transcript levels quantified using the relative Ct method by employing Gapdh as an internal control.
Western blot
Protein lysates were prepared using the Qproteome Mammalian Protein Prep Kit (Qiagen) and protein concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Protein samples (20 µg) were prepared in Laemmli sample buffer (Bio-Rad) containing 5% β-mercaptoethanol, denatured at 95°C for 10 min, electrophoresed on NuPAGE 10% Bis-Tris gels or 4-12% gradient gels using 1× NuPAGE MES SDS Running Buffer (Invitrogen), and then transferred to 0.45 µm nitrocellulose membranes in 1× NuPAGE transfer buffer containing 10% methanol. Membranes were washed with Tris-buffered saline (TBS) for 5 min, incubated in TBS with 0.1% Tween-20 (TBST) and Odyssey® blocking buffer (LI-COR Biosciences) overnight at 4°C, washed an additional 3× in TBST, and then incubated with anti-p53 (1:1000) or anti-PPARG (1:500) antibodies (Cell Signaling company) or anti-TWIST2 (1:500), anti-BAX (1:1000), or anti-GAPDH (1:1000; Santa Cruz Biotechnology) antibodies in Odyssey® blocking buffer for 2 h at room temperature with gentle agitation. Membranes were washed 5× in TBST and probed with a fluorescentlabeled secondary antibody at a 1:15,000 dilution in Odyssey® blocking buffer for 1 h. Blots were scanned using Odyssey® infrared image system (LI-COR Biosciences).
Luminex multiplex array
Confluent monolayer cultures of p53 +/+ and p53 −/− MSCs were maintained in serum-free media for 24 h, the conditioned media collected, and concentrated 5-fold, 10-fold, and 50-fold using Amicon Ultra-15 centrifugal filters (Millipore). Media was then analyzed using the Mouse Premixed Analyte Kit (R&D Systems) for simultaneous detection of the indicated analytes. Quantification of analyte abundance was performed using a Luminex 200 dual-laser, flow-based detection platform (Luminex).
Chromatin immunoprecipitation
MSCs were treated with 20 µM Nutlin-3a (Millipore) for 24 h prior to fixing. ChIP was performed according to the manufacturer's protocol using the ChIP-IT™ Express kit (Active Motif). Fixed chromatin was concentrated into two volumes (350 µl) of shearing buffer, sonicated using a sonicator with a 1/8″ probe (Qsonica) on ice for five pulses of 20 s at 25% power at 30 s intervals. Immunoprecipitation reactions (200 µl) were performed overnight on chromatin samples (15 µg) using the following antibodies (3 µg): mouse anti-RNA pol II IgG1 (Active Motif), mouse (G3A1) IgG1 isotype control, and mouse anti-p53 (1C12) mAB (Cell Signaling Technology). A bridging antibody (3 µg, Active Motif) was used to enhance binding of the anti-Pol II and anti-p53 antibodies to protein G magnetic beads. End point qPCR on precipitated and eluted chromatin was performed using Power SYBR Green qPCR Master Mix (Applied Biosystems) and the following primers (IDT): Kitlg, 5′-atgtgacagttaatgctggctact-3′ and 5′-atttgtgctggcctttaatcttca-3′; Pparg, 5′-aaacagaaggtttggaggtgctt-3′ and 5′-tggctgctgtgctttgtgc-3′; Twist2, 5′-ggttggagctcagcacaactcaagg-3′ and 5′-tgcagagcggtctgccctgg-3′.
Statistical analysis
Significance was estimated by unpaired Student's t-test in experiments where comparison between two groups was warranted. Alternatively, significance was determined by one-way analysis of variance (ANOVA) and post hoc Tukey tests. Cell cycle data were fit using the Watson pragmatic model. Differences between treatment groups were considered significant with a p value ≤ 0.05.
